F ound in East Asia, particularly Korea and Japan, moyamoya disease (MMD) is an uncommon cerebrovascular disease characterized by progressive occlusion of the terminal portions of the internal carotid arteries (ICAs). 11, 12 Recent epidemiological study has revealed that the number of patients with MMD in Korea is increasing and that the prevalence rate of MMD per 100,000 people increased to 9.0 in 2008 from 5.2 in 2004. 5 Moyamoya disease is a relatively common cause of childhood stroke, 1, 19 and it can lead to irreversible neurological deficits and cognitive impairment; therefore, early diagnosis and proper therapeutic approaches are important.
though authors of recent genetic studies have made efforts to identify several candidate loci (chromosomes 3p24-26, 6q25, 8q23, 12p12, and 17q25 4, 6, 24, 31 ) and several susceptibility genes (ACTA2, RPTOR, PDGFRB, MMP3, and TGFB1 2, 3, 15, 16 ) related to MMD, the RING (Really Interesting New Gene) finger protein 213 gene (RNF213) is the only susceptibility gene for MMD identified by both genome-wide association studies and exome sequencing.
RNF213 at locus 17q25.3 is 135.42 kb in size, has 69 exons, and encodes a zinc finger protein involved in protein-protein interactions. 7, 17, 18, 21, 28 Several single nucleotide polymorphisms (SNPs) in RNF213, including c.14576G>A (p.R4859K) and c.14429G>A (p.R4810K), were identified as variants with a strong susceptibility for MMD. 7, 18, 20, 21 The risk of MMD was significantly increased with the c.14576G>A (p.R4859K) variant, with an odds ratio (OR) of 190.8, 7 and homozygotes exhibited severe and diverse vasculopathy phenotypes in a Japanese study. 21 The c.14429G>A (p.R4810K) variant was suggested to have the ischemic-type MMD in the Chinese Han population. 28 Although MMD is especially prevalent in East Asia, including Korea, previous research on these RNF213 variants and their clinical implications have largely been conducted in Japan and China. This is the first study of RNF213 polymorphism associated with clinical features and long-term outcomes in Korean patients with MMD. Our aim in the present study was to investigate the polymorphism variants of RNF213 in Korean patients with MMD and to determine whether this genotype has significant phenotypic correlation.
methods study subjects
The study involved 165 Korean patients (64 males, 101 females, mean age 21.3 ± 13.6 years, range 2.4-70.5 years) from 155 unrelated families who had been diagnosed with MMD at the Asan Medical Center in Seoul, Korea, in the period from 1995 to 2013. The medical records of these patients were thoroughly reviewed to confirm the diagnosis of MMD, which had been based on conventional angiography (150 patients) or MR angiography (15 patients) findings interpreted by 1 radiologist. The diagnosis of MMD requires all of the following findings: 1) stenosis or occlusion of the terminal portion of the intracranial ICA or the proximal portions of the anterior cerebral artery (ACA) and/or middle cerebral artery (MCA); 2) abnormal vascular networks in the vicinity of the occlusive or stenotic lesions in the arterial phase; 3) bilateral findings as outlined in items 1 and 2 listed above (unilateral findings in children are sufficient for a definitive diagnosis, whereas unilateral findings in adults indicate a diagnosis of probable MMD); and 4) exclusion of known diseases with similar angiographic findings (for example, atherosclerosis, autoimmune disease, meningitis, brain tumors, Down's syndrome, neurofibromatosis Type 1, head injury, and cerebrovascular lesions after head irradiation). 23 Information on patient sex, age at enrollment, age at onset of symptoms, age at diagnosis, family history of MMD, initial symptomatic and radiographic presentations at diagnosis, and neurological complications was obtained by retrospective medical record review or by interview with the patients or parents. Initial symptomatic presentation at diagnosis was defined by the most severe neurological symptom, and these symptoms were classified into intracranial hemorrhage/intraventricular hemorrhage, cerebral infarction, transient ischemic attack (TIA), seizures, and headache. A pediatric neuroradiologist (H.W.G.) who had no prior knowledge of each patient's RNF213 genotype evaluated the preoperative angiographic stage of each hemisphere. This stage was determined based on the stage of the more severely affected hemisphere per the Suzuki classification. 27 In addition to the Suzuki stage, bilateral vasculopathy and posterior cerebral artery (PCA) involvement, which are factors related to disease severity, were also assessed. Headache, TIA, motor weakness, epilepsy, and cognitive impairment were regarded as neurological complications in patients followed up for more than 1 year after diagnosis or after the previous revascularization operation.
For comparison, we used a historical Korean control group (294 subjects, 80 males and 214 females, with a mean age of 40.9 ± 10.9 years) from a previous study 17 of large-scale screening for the c.14429G>A (p.R4810K) variant in the general Asian population. These controls did not have histories of stroke and included 46 participants who were screened by angiography.
The institutional review board of the Asan Medical Center in Seoul, Korea, approved this study. All subjects gave written informed consent, and for those considered too young to consent, their parents gave informed consent.
mutation analysis of RNF213
Genomic DNA was extracted from peripheral blood using a Puregene blood kit (Qiagen). The major RNF213 SNPs associated with East Asian incidences of MMD 18 were assessed: c.12037G>A (p.D4013N), c.14429G>A (p.R4810K), c.14506G>A (p.D4836N), and c.14576G>A (p.R4859K). Exons 44, 60, and 62 and the exon-intron boundaries of RNF213 were amplified by polymerase chain reaction and directly sequenced using an ABI3130xl genetic analyzer (Applied Biosystems) according to the manufacturer's instructions. Sequences were compared with established human RNF213 sequences (GenBank Accession No. NM_001256071.1). The investigators involved in genotyping had no prior knowledge of the phenotypic data.
statistical analyses
The strength of the association between a variant of RNF213 (c.14429G>A, p.R4810K) and the risk of MMD was estimated using a historical control group (294 controls) and odds ratios with corresponding 95% confidence intervals. 17 Differences between normally distributed categorical or continuous variables with respect to the RNF213 genotype were assessed using chi-square tests (chi-square with Fisher's exact test when warranted) and unpaired Student t-tests, respectively. Nonnormally distributed data were assessed using Mann-Whitney U-tests. The Cox regression and logistic regression models were used to estimate the impact of RNF213 variants on clinical manifestations. Statistical analyses were conducted using SPSS software (version 18.0, SPSS Inc.). The significance level was set as 0.05.
results

Identification of RNF213 variants in Korean patients with mmd
RNF213 variants were detected in the 3 exons under investigation in 76.4% (126) of the 165 MMD patients. With the exception of 1 patient with 1 novel variant (heterozygous c.12086A>G, p.Q4029R), all patients had the c.14429G>A (p.R4810K) variant. Thirteen patients were homozygous (A/A) and 112 were heterozygous (G/A).
association of the r4810K variant with the risk of mmd in Korean patients
The genotype and allele frequencies of the c.14429G>A (R4810K) variant in MMD patients and historical controls are shown in 
comparison of clinical phenotypes with genotype
The clinical characteristics of the 165 MMD patients with wild-type (G/G), c.14429G>A heterozygous (G/A), and c.14429G>A homozygous (A/A) genotypes are shown in Table 2 . The mean age at disease onset was significantly lower in the A/A group (2.7 ± 2.1 years, range 0.8-6.9 years) than in the G/A group (12.1 ± 11.8 years, range 0.9-56.9 years; p < 0.001) or the G/G group (16.7 ± 17.7 years, range 0.6-65.2 years; p = 0.005; Fig. 2 ). All 13 homozygous patients manifested MMD during childhood, and homozygosity was significantly associated with the very early onset of MMD (age at onset < 5 years; p < 0.001). Univariate Cox regression analysis also demonstrated a strong association between the homozygous variant and the early onset of MMD (HR 10.52, 95% CI 5.24-21.12, p < 0.001).
Cerebral infarction was more frequent in the A/A group than in the G/A or G/G groups (p = 0.004 and p < 0.001, respectively), whereas TIA was more common in G/A and G/G patients than in those with A/A (p = 0.032 and 0.048, respectively; Fig. 1 ). Cognitive impairment was more frequent in the A/A group than in the G/A or G/G groups (46.2% vs 6.3% or 12.5%, respectively; p < 0.001 and p < 0.011, respectively). Moyamoya disease patients with wildtype alleles were more likely to be neurologically asymptomatic than patients who carried the c.14429G>A variant (p = 0.034). Patients carrying the minor allele were also more likely to experience early-onset MMD and cerebral infarction at presentation than patients homozygous for the wildtype allele (early-onset MMD 53.5% vs late-onset MMD 37.7%, p = 0.001; cerebral infarction 49.3% vs no cerebral infarction 36.2%, p = 0.002).
illustrative cases
Familial cases of MMD having homozygous and heterozygous c.14429G>A (p.R4810K) variants in RNF213 showed a different clinical course and disease severity according to their genotypes (Fig. 3) . The father (Case 1) with the heterozygous (G/A) genotype had late-onset (37 years old) MMD with a mild clinical course despite severe angiographic findings. In contrast, the index case (Case 2) with the homozygous (A/A) variant presented with an earlier onset (20 months of age) and rapid progressive disease, which resulted in significant neurological deficits, epilepsy, and cognitive impairment. The 7-year-old younger sister (Case 3) with the heterozygous variant had experienced her first TIA at the age of 3 years but has not suffered any infarction until now. Their mother has no clinical symptoms of vasculopathy, and her genotype was not investigated. 
discussion
RNF213 was previously identified as a susceptibility gene for MMD in East Asian populations. 7, 17, 18, 21, 28 This study is the first to evaluate an association between the RNF213 polymorphism and the phenotype of MMD in Korean patients. With the exception of a novel variant in 1 patient, the only variant identified in our cohort of 165 patients was c.14429G>A (p.R4810K). None of the patients harbored other major variants previously reported in East Asian populations. 18 The absence of the c.14576G>A (p.R4859K) variant was particularly noted as it has been found in a high proportion of Japanese patients with MMD. 21 This demonstrates the genetic variation underlying MMD susceptibility in different ethnic groups and also highlights the possible existence of other susceptibility variants in RNF213. In comparing the allele frequency in our patient group with that in a historical control group, 17 we found a significantly higher frequency of the minor allele (c.14429G>A, p.R4810K) in the Korean MMD group than in the control group (41.8% vs 1.4%). This frequency is comparable to those in a previous study in which 48.1% of Japanese MMD patients and 39.5% of Korean MMD patients had this allele and in which the minor allele frequency of controls was 0.01. 18 In the present study, patients with a family history of MMD were more likely to carry the c.14429G>A allele than those with no family history. This finding supported previous research 18, 28 that showed c.14429G>A (p.R4810K) to be one of the main genetic mutations associated with familial MMD.
In this study, the high prevalence of this allele in Korean patients with MMD was confirmed as well, and the clinical significance of the minor allele was also verified. The pathophysiological role of RNF213 and the mechanisms by which RNF213 polymorphisms lead to MMD have not been elucidated. Zebrafish lacking RNF213 showed severely abnormal sprouting vessels in the head region, which suggested that RNF213 was involved in a novel signaling pathway during intracranial angiogenesis.
18 RNF213 deficiency in mice (RNF213-/-) was insufficient to induce MMD directly, despite the lack of functional RNF213. Nevertheless, vascular fragilities such as medial thinning were observed in the RNF213-/-mice, and these fragilities increased vulnerability to hemodynamic stress and secondary insults and thus facilitated the development of MMD. 26 This finding provides some evidence for the role of RNF213 variants in the pathogenesis of MMD. However, genotype-phenotype correlation studies are necessary to further define the role of RNF213 polymorphisms in the clinical setting of MMD. The minor allele occurs significantly more often in patients with childhood-onset MMD than in patients with adult-onset disease. Similarly, recent research by Miyatake and colleagues indicated that patients with the c.14576G>A (p.R4859K) variant had a significantly earlier disease onset than patients without it, and these patients were also more likely to experience more severe symptoms such as cerebral infarction and PCA stenosis. 21 In addition, a study involving Chinese patients documented an association between the c.14429G>A (p.R4810K) allele and the ischemic-type MMD and an association between g.115456G>A (p.A4399T) and the hemorrhagic-type MMD. 28 These results corresponded with our findings that homozygous c.14429G>A (p.R4810K) was significantly associated with a young age at disease onset, cerebral infarction at presentation, and poor cognitive outcomes.
Previous research has demonstrated that patients with a young age at disease onset have a more severe clinical course of MMD. [8] [9] [10] In these patients, irreversible cerebral infarction at diagnosis was the most severe prognostic factor, underlining the importance of early diagnosis and surgical intervention. Our results revealed that unfavorable clinical prognostic factors, including early disease onset and cerebral infarction at diagnosis, were strongly associated with c.14429G>A (p.R4810K) homozygosity. This finding suggests that homozygous c.14429G>A (p.R4810K) may be of use as a specific biomarker for severe MMD with an unfavorable prognosis that requires early intervention for revascularization surgery. Thus diagnostic screening for the c.14429G>A (p.R4810K) variant should be pursued in patients with MMD. Homozygous c.14429G>A (p.R4810K) status was not associated with other putative poor prognostic factors in Japanese patients such as sex, angiographic findings of bilateral vasculopathy, or PCA involvement. 8, 14, 22, 29 Previous research in Korean children with MMD showed that unfavorable surgical outcomes were not associated with severe radiographic disease manifestations 30 or PCA involvement. 9 As noted above, the Korean and Japanese populations have similar but very different genetic backgrounds, particularly in RNF213 variants, which with other susceptibility genes may explain these discordant clinical findings. Then the genetic biomarkers can be used as a strong predictor of outcomes as well as the current radiological and hemodynamic markers for surgical intervention.
This study was limited by its retrospective design and the inclusion of only a relatively small number of adultonset cases. A further limitation was the examination of specific RNF213 exons rather than the whole gene. Only 1 patient with MMD and typical angiographic findings carried a variant other than c.14429G>A (p.R4810K). Because RNF213 variants were not detected in 40 of the 165 MMD patients in this study, it is conceivable that these patients had distinct polymorphisms in other parts of the gene. Therefore, comprehensive genetic analysis of RNF213 is necessary to determine whether other RNF213 variants are significant in the development of MMD.
conclusions
Moyamoya disease is a significant cause of cerebral stroke in children and adults, especially in East Asia. This study indicates that the c.14429G>A (p.R4810K) allele is strongly associated with Korean patients with MMD. The homozygous c.14429G>A (p.R4810K) variant is particularly related to early-onset MMD, severe symptomatic manifestations at diagnosis, and poor prognosis. Therefore, the c.14429G>A (p.R4810K) homozygous variant can be considered as a biomarker for early surgical intervention in Korean MMD patients to prevent devastating neurological complications. 
